Wnt signalling in development operates via members of the Frizzleds, G-protein-coupled receptors that bind specific Wnt ligands and mediate signalling via distinct pathways. The Wnt/Ca 2+ /cGMP pathway mediated by Frizzled-2 was discovered recently. Activation of this pathway leads to increased intracellular concentrations of Ca 2+ and decreased intracellular concentrations of cGMP. The nature of the phosphodiesterase responsible for this Frizzled-2-mediated effect on cGMP levels was identified based on three separate criteria: (i) sensitivity to selective enzyme inhibitors, (ii) behaviour on chromatographic separation, and (ii) isolation by two-dimensional gels in tandem with direct mapping by MS of tryptic digests of the activity. On the basis of results from these three analyses, the cGMP-specific phosphodiesterase, PDE6, is demonstrated to be an effector for the Wnt/Ca 2+ /cGMP signalling pathway of development, which is mediated by Frizzled-2.
PDE6 is an effector for the
The Frizzled-2 heptahelical receptor mediates an 'atypical' pathway that links to changes in calcium mobilization and decrease in intracellular concentrations of cGMP, but does not mediate the canonical Frizzled 1-mediated β-catenin pathway. There is increasing evidence that some Wnts work through this pathway that is distinct from the abovedescribed pathway, which activates Lef/Tcf-dependent transcription [3, [14] [15] [16] . Xwnt5a, unlike Wnt8, does not induce the duplication of the axis, but rather morphogenetic defects [14, 15] . These characteristics are peculiar to Xwnt5a, since Xwnt1, Xwnt8, Xwnt8b and Xwnt3a are functionally equivalent in the axis induction assay, whereas Xwnt5a, Xwnt4 and Xwnt11 are functionally distinct in this 'atypical' WntFz pathway involving PKC (protein kinase C) activation, calcium mobilization, decreased concentrations of intracellular cGMP and other downstream effectors [17] . Biochemical details of the Wnt/β-catenin canonical pathway mediated by Frizzled-1 are emerging [20] , but much less information has emerged on the molecular features of how Fz2 receptors signal. This comparative scarcity of data does not reflect lack of effort, but rather the formidable task of purifying biologically active Wnt ligands, which has been frustratingly difficult. Recently, chimaeric GPCRs (G-protein-coupled receptors) have been prepared making use of the exofacial and transmembrane domains (i.e. the ligand-binding domain) of the β2-adrenergic receptor with the cytoplasmic domains of Frizzleds spliced into and substituting for their counterparts of the native adrenergic receptor [18] . The result is a receptor activated by the β-adrenergic agonist (isoprenaline) 
Frizzled-2 is a GPCR
The idea that frizzled gene products signal via heterotrimeric G-proteins is supported by compelling observations. The frizzled gene products display a protein sequence with many of the landmarks of GPCRs, including seven hydrophobic segments having sufficient length to be transmembranespanning domains [4, 21, 22] , an N-terminal region that is exofacial and N-glycosylated [22] , a cytoplasmic C-terminal domain replete with sites suitable for possible protein phosphorylation [23] and homology to other known GPCRs [23] .
In zebrafish embryos, it has been shown that signalling via rat Fz2 (referred to as Rfz2), but not Rfz1, leads to the activation of calcium transients [24] . By several criteria, calcium transients appear to mimic the responses of other GPCRs that activate phospholipase Cβ, inositol trisphosphate and diacylglycerol accumulation and, ultimately, stimulate PKC activation [24, 25] . Similarly, in frog oocytes, activation of Rfz2, but not Rfz1, leads to PKC activation and recruitment of green fluorescent protein-tagged PKC from the cytoplasm to the plasma membrane [26] . Each of these responses can be blocked by pertussis toxin treatment [5, 26] . Pertussis toxin treatment abolished Rfz2 signalling in F9 cells, i.e. blocking Wnt5a from promoting PE (primitive endoderm) formation in Rfz2-bearing cells [19, 27] . The expressions of two G-proteins, Gαo and Gαt 2 , are known to be obligate for Rfz2 signalling to PE formation [19, 27] . The discovery of a role for Gαt 2 in Frizzled-2 signalling was only through exhaustive screening for potential G-protein involvement in ODNs (oligodeoxynucleotides) that are antisense to specific G-protein α-and β-subunits. ODNs antisense to Gαt 1 and Gαt 2 were employed initially in a 'control' group. Antisense, but not sense or missense, ODNs to Gαt 2 (i.e. cone transducin) caused a blockade of Frizzled-2 signalling. Treatment with ODNs antisense to Gαt 1 , in contrast, was without effect on Rfz2-mediated signalling. The involvement of Gαt 2 was exciting, since the expression of Gαt in vertebrates is confined almost exclusively to the visual pathway.
Gαt 2 , cGMP, PDEs (phosphodiesterases) and the visual pathway
The visual pathway operates through a triad of signalling molecules Rh → Gαt → PDE, starting with the photopigment rhodopsin. The rod (GNAT1) and the cones (GNAT2) express differing, but homologous, forms of Gαt. Gαt is a member of the Gαi/Gαo family [28, 29] , which are all substrates for ADP ribosylation and are inactivated by treatment with pertussis toxin. After activation by rhodopsin, the GDP of the heterotrimer is exchanged for GTP and the Gαt-GTP diffuses and binds to a membrane-associated photoreceptorspecific cGMP PDE. The retinal PDE, the known effector for Gαt, is composed of four subunits, two catalytic (α and β in rods; α and α in cones) and two regulatory (γ ) subunits [30] [31] [32] . The γ -subunits for rods and cones are nonidentical.
Evidence of a role for visual elements in Frizzled signalling: inhibitors for PDE
Several important features of Rfz2 signalling implicate elements of the visual pathway, including pertussis toxin sensitivity and a requirement for Gαt 2 . The unexpected expression of Gαt 2 in these and other stem cells was demonstrated [27] . Another tantalizing piece of data was derived from screens with enzyme inhibitors. IBMX (isobutylmethylxanthine), an inhibitor of PDEs, was found to block signalling from Rfz2. Follow-up screens revealed a series of more selective inhibitors of PDE, including dipyridamole and Zaprinast (Table 1 ). This characteristic pattern of inhibition is typical for two prominent cGMP-specific PDEs, namely PDE5 and PDE6. The PDE6 appears to be a more probable candidate compared with PDE5, since PDE6 is a component of the visual cascade, activated through Gαt 2 in a pertussis toxinsensitive manner. Activation of PDE and a sharp decline Rfz2 chimaera-expressing cells were treated with (Frizzled-2-activated) or without (control) 10 µM isoprenaline for 3 min. Supernatants from whole-cell homogenates (12.5 mg/ml) were resolved through a Resource-Q column (Amersham Biosciences). The PDE activity in each fraction was assayed by measurement of cGMP hydrolysis, as described previously. Inset, immunoblots of peak fractions of Frizzled-2-activated PDE activity from FPLC analysis reveal PDE6β.
in cGMP levels in the F9 cells was observed in response to activation of the Wnt/Frizzled-2 pathway [27] . Biochemical characterization of the Wnt-activated PDE activity would be key to a better understand of the signalling cascade from Wnt5A to a sharp, rapid decrease in intracellular cGMP levels.
FPLC fractionation of the Wnt/ Frizzled-2-stimulated PDE activity
The nature of the PDE(s) responsible for the Wnt-stimulated decrease in intracellular cGMP levels was targeted for biochemical analysis, making use of recently developed strategies aimed at defining specific PDE activities from the plethora of such enzymes expressed in mammalian cells. Using FPLC (fast-performance liquid chromatography), it is possible to fractionate the PDE activity from whole cell lysates obtained either from unstimulated (control) cells or from cells expressing the Frizzled-2 chimaera that was activated (Figure 1) . The activity profile over the NaCl gradient revealed a major peak of Frizzled-2-activated PDE activity. When peak fractions of Frizzled-2-activated PDE were subjected to SDS/PAGE analysis and immunoblotted with a battery of antibodies to known PDEs, only the antibodies to subunits of PDE6 were prominently stained (Figure 1,  inset) . These results established that the PDE activity profile in response to Frizzled-2 activation correlates well with the appearance of PDE6 subunits. No PDE5 was detected in these immunoblots (results not shown).
Two-dimensional analysis and immunoblotting of the Frizzled-2-activated PDE
To probe further the nature of the peak fractions of PDE activity that were sensitive to the activation of Frizzled-2, high-resolution two-dimensional analysis was performed on a Bio-Rad large-format 2D (two-dimensional) gel system (Figure 2A) . Sypro Ruby staining of the protein and immunoblotting data reveal subunits of the PDE6β (Figure 2A) and PDE6α subunits (results not shown). The molecular mass for the PDE6β subunit (∼100 kDa) and its pI value (∼5.2) were in close agreement with the values calculated from the primary sequence.
Peptide mapping of the purified, gel-isolated PDE activity sensitive to Frizzled-2 activation
Results of the immunoblotting of peak activity of PDE activity found in response to activation of Frizzled-2 were extended to analysis by peptide mapping in tandem with MS. The samples from two-dimensional gel isolation of the peak fraction of Frizzled-2-regulated PDE were subjected to tryptic digestion and high-performance hybrid quadrupole time-of-flight MS using the ABI Q-Star Pulsar LC/MS/MS system (Applied Biosystems, Foster City, CA, U.S.A.; Figure 2B) . Some of the sequences identified by the Q-Star MS are provided ( Figure 2B, inset) . The fragmentation patterns were consistent with the presence of the α-subunit of PDE6. The α -subunit was not detected. These results confirm and establish that PDE6 is an effector for the Frizzled-2 pathway in these mammalian embryonal stem cells.
The Wnt/Ca 2+ /cGMP pathway: analysis of Ca 2+ and cGMP reporters
On the basis of the literature on cell biology and biochemical analysis to date, it is clear that the Frizzleds are members of the superfamily of heptihelical membrane receptors that operate, at least partly, via heterotrimeric G-proteins. The Wnt/Ca 2+ /cGMP pathway mediated by the Frizzled-2 receptor is essential for normal development and appears to have two major read-outs: a sharp increase in intracellular Ca 2+ concentration and a sharp decrease in the intracellular levels of cGMP. On the basis of these results, it becomes essential to establish the reporters that convert the changes in these two key cellular second messengers into the biology of development. Reading changes in intracellular Ca 2+ include important, Ca 2+ -sensitive enzymes such as Ca 2+ /calmodulin-dependent protein kinase, the Ca 2+ -sensitive phosphoprotein phosphatase calcineurin and the Ca 2+ -sensitive transcription factor NF-AT [33] . Gene profiling of mouse F9 cells in which the Frizzled-2 pathway has been activated has been accomplished and the results confirm a role for Ca 2+ in the transcriptional response. With respect to possible downstream read-outs for changes in The FPLC fractions displaying increased PDE activity from samples obtained from Frizzled-2-activated F9 cells were subjected to two-dimensional isoelectric focusing and gel electrophoresis. The first dimension was performed using ReadyStrip with an immobilized pH gradient (pH 4.7-5.9). After the second-dimension electrophoresis, gels were either stained with SYPRO Ruby (left-hand panel) or transblotted and immunostained with antibody to PDE6β (right-hand panel). (B) The peptide mixture from a tryptic digestion of the gel spot from the two-dimensional gel (indicated with arrow) was subjected to Q-Star MS/MS. Peptide sequences identified as corresponding to spectra of fragments from the PDE6β subunit (shown) or the PDE6α subunit (results not shown) are highlighted in the Figure. intracellular concentrations of cGMP, there are several probable targets, including cyclic nucleotide (cGMP)-gated ion channels, protein kinase G, guanylate cyclases and certain other members of the PDE family. Understanding how these more distal signalling elements contribute to the overall process of formation of PE is a daunting, but important, task in developmental biology.
